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1. Introduction

During the process of setting and hardening in concrete,
the temperature profile shows a gradual nonlinear
distribution due to the development of heat of hydration in
cement. At early ages of concrete structures, this nonlinear
distribution can have a large influence on crack evolution. It
is thus important to obtain an accurate temperature history,
and to do this, it is necessary to examine the thermal
properties of the concrete. In this study, the convective heat
transfer coefficient, which represents the heat transfer
between a concrete surface and ambient air, was
experimentally investigated with test variables such as the
velocity of wind, the curing conditions, and the ambient
temperature.

For analyses using the thermal equilibrium boundary
condition, it is generally noted that most of the heat release
by the evaporation of moisture occurs at an early stage. To
consider this phenomenon, the existing thermal equilibrium
boundary condition has been modified so as to consider the
evaporation quantity due to the evaporation effect.
Convective heat transfer coefficients for a specific case
were then calculated from the modified thermal equilibrium
boundary condition using experimental results.

2. Experimental program

2.1 Mixture proportion

The concrete mixture proportions of Reactor
Containment Building (RCB) in nuclear power plant (NPP)
are given in Table 1.

Table | : Concrete mixture proportion
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40 | 44.4 | 162.7 |325.5]|748.8|938.7| 0.287 | 2.604

2.2 Test variables

To investigate the effect of the curing conditions and
ambient temperature on the convective heat transfer
coefficient, the curing conditions, and ambient temperature
are selected as the main parameters, as shown in Table 1.

2.3 Experimental method

An overview of the test specimen set-up is shown in
Fig. 1.
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Fig. 1. (a) Sizes and shape of specimens and insulating
materials and (b) locations of thermo-couples.

Rectangular section with 200 mm x 200 mm x 500 mm
in Fig. 1(a) was selected. To measure the temperature
distribution within the specimen with specimen size, K-
type thermo-couples were embedded at the center of the
cross-section and five positions along the longitudinal
direction of the specimen (Fig. 1(b)). K-type thermo-
couples were embedded at distances of 20 mm, 50 mm,
100 mm, 200 mm, and 400 mm from the surface exposed
to the air. Fig. 1(b). In order to simulate one-dimensional
heat transfer, the specimen was surrounded by insulating
materials with a thickness of 300 mm, except at the upper
surface of the specimen.

3. Analysis method of experiment results

3.1 Thermal equilibrium condition on the surface

The convective heat transfer coefficient is related to
the boundary condition of a concrete surface that is in
contact with ambient air. In this boundary condition, the
thermal equilibrium condition can be expressed as the
following one-dimensional equation (Eg. (1)).

dT

h.(T,-T,)= ﬂ[dxj (1)

where h, is the convective heat transfer coefficient; T is
the temperature at the specimen surface; T, is the
temperature of ambient air; A is the thermal conductivity;
and dT/dx is the thermal gradient at the surface.

3.2 Convective heat transfer coefficient
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Using Eg. (1), experimental results of the convective
heat transfer coefficient were analyzed. The given time
was determined using the concept of maturity, as shown
in Eqg. (2), to identify development time of the thermal
characteristics of each concrete specimen. The equation is
as follows:

M :Z(Ts _To)At (2)

where M is the maturity; T, is the datum temperature (-
107C); and At is the time interval. Saul [1] stated the
principle of the maturity concept as, “Concrete of the same
mixture at the same maturity has approximately the same
strength whatever combination of temperature and age goes
to make up that maturity.”

Regression analyses using temperature distributions
within the specimen at times having the same maturity were
performed. Fig. 3 shows the temperature distribution lines
of four specific cases with maturity of test results for a wind
velocity of 0.0 m/s and for those without a curing cover. In
Eq. (1), thermal gradients dT/dx and temperatures at the
specimen surface T, were obtained using the equations from
the regression analyses. In this paper, Eg. (3) is viable, as it
is assumed that the convective heat transfer coefficient is

constant at the same wind velocity, as previously mentioned.

To obtain the heat transfer coefficient using Eq. (4),
knowledge of the surface temperature is needed.

B
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where A :(de and B =(T.-T,),
dx J;
; i refers to each location of temperaure measurement.

4. Experiment and analysis results

4.1 Effect of the curing condition

Table 11 also shows the difference in convective heat
transfer coefficients with curing materials. When curing
materials are used, the temperature difference between the
center and the surface of the specimen decreases, as the heat
release rate into ambient air is reduced. Comparisons of the
convective heat transfer coefficients with type of curing
materials are shown in Table I1. More specifically, without
curing materials (i.e., Direct exposure to ambient air), the
heat release rate into ambient air increased compared to the
use of curing blanket with plastic sheet and Euro-form.
Accordingly, when curing blanket with plastic sheet and
Euro-form were used, the difference between the center and
the surface of the specimen decreases and therefore it is
found that the adiabatic effect increases compared to the
direct exposure conditions. Additionally, the difference of
convective heat transfer coefficients in Euro-form and

curing blanket with plastic is small in -10C and 20C. As
ambient temperature increases up to 40C and 50°C, the
differences increases and the convective heat transfer
coefficient in Euro-form becomes up to about twice more
than that of curing blanket with plastic sheet.

4.2 Effect of the ambient temperature

Under the same curing conditions, the test results
(Table I1) concerning the ambient temperature (i.e., T= -10,
20, 40, or 50C) reveal that the convective heat transfer
coefficients becomes bigger as the temperature increases.
Additionally, the variance of the convective heat transfer
coefficients with respect to concrete age also increases
within 2 days. Considering the data as a whole, it is
concluded that the ambient temperature has considerable
effects on the convective heat transfer coefficient, which
represents the heat release at the surface.

Table Il : Convective heat transfer coefficients

Ambient Convective heat transfer coefficient
temperature|  Type of Curing (WIm?°C)

o Condition
Q) Age (days)
05| 1 |15 2 3 4 5 6 [Avg.

Curing blanket with

plastic sheet 40 (41|35 |38 |42 |46 (5063|444

-10 Euro-form 28|28 37|29 25293541315

Direct exposure 61|63|78]|88]|85(10.0(12.1(184|9.75

Curing blanket with | 53 | 56 | 57 | 28 | 2.0 | 26 | 25 | 1.3 | 2558

plastic sheet
20 Euro-form 2936|388 (373227231029
Direct exposure - 82|53 |50(59 (33|34 - 1389
C“’g}g;{’i’s’;ﬁztefv“h 413538 40|56 - | - | - |263
40 Euro-form 6.4 | 144 |129|101]165[ - | - | - |754
Direct exposure 6.2 - 529|787 - 15| 6.1 | 7.1 [19.06
c”’g‘lg:l’i's’;';?e;’v'th 47 43|41 la2]s3] - | - | - |as2
50 Euro-form 50 | 42 [139|122]160| - | - | - [10.26

Direct exposure 3.8 |76.839.2(64.7|151( 1.4 | 36 | 41 [26.09

5. Conclusions

1) Indirect exposure to ambient air, the heat release rate into
ambient air increased compared to the use of curing
blanket with plastic sheet and Euro-form.

2) Ambient temperature has considerable effects on the
convective heat transfer coefficient, which represents the

heat release at the surface.
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